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Summary

The intensity and prevalence of viral infections are typically higher in males, whereas disease
outcome can be worse for females. Females mount higher innate and adaptive immune responses
than males, which can result in faster clearance of viruses, but also contributes to increased
development of immunopathology. In response to viral vaccines, females mount higher antibody
responses and experience more adverse reactions than males. The efficacy of antiviral drugs at
reducing viral load differs between the sexes, and the adverse reactions to antiviral drugs are
typically greater in females than males. Several variables should be considered when evaluating
male/female differences in responses to viral infection and treatment: these include hormones,
genes, and gender-specific factors related to access to, and compliance with, treatment.
Knowledge that the sexes differ in their responses to viruses and to treatments for viral diseases
should influence the recommended course of action differently for males and females.
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Males and females differ in the intensity, prevalence, and pathogenesis of viral infections
(Table 1). Although behavioral factors can influence exposure to viruses, several studies
illustrate that physiological differences between males and females cause differential
responses to infection. Females display reduced susceptibility to viral infections because
they often mount stronger immune responses than males (Figure 1). The innate recognition
and response to viruses as well as downstream adaptive immune responses differ between
males and females during viral infections. As a result of heightened immunity to viruses,
both the intensity (i.e., viral load within an individual) and prevalence (i.e., number of
infected individuals within a population) of viral infections are often lower for females than
males (Table 1). There is growing awareness, however, that much of the disease attributed to
viral infection results from aberrant host inflammatory responses [1,2]. Consequently,
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heightened antiviral, inflammatory, and cellular immune responses in females, though
essential for virus clearance, might underlie increased development of symptoms of disease
among females as compared with males following infection (Table 1).

Although sex and gender differences have been well documented for viral infections,
considerably less attention has been paid to the differences between males and females in
prophylaxis and therapeutic treatments for viral diseases. VVaccines are the principle
preventative treatment for viral diseases and have successfully reduced many diseases in
both males and females. The efficacy of vaccines relies on their ability to induce protective
immunity in either the short-term (e.g., influenza) or long-term (e.g., measles). There is
growing evidence that protective immune responses and adverse reactions to viral vaccines
are higher in females than males. Most antiviral drugs are used as a therapeutic treatment for
specific viral infections, with these drugs typically inhibiting the replication of viruses in
host cells. Only recently has it been documented that the pharmacokinetics (i.e., absorption,
distribution, metabolism, and excretion of drug) and pharmacodynamics (i.e., the effect of
the drug on physiological and biochemical processes, both therapeutic and adverse) differ
between the sexes. The goals of this review will be to: 1) document the immunological
differences that exist between males and females and the factors that mediate these
differences; 2) examine how immunological differences between males and females
contribute to dimorphic disease pathogenesis and responses to vaccines; and 3) evaluate how
the efficacy of antiviral drug treatments differs between the sexes. The contribution of
gender-related differences in access to, compliance with, and acceptance of treatments for
viral diseases will be addressed where data exist; the primary focus throughout this review,
however, will be on the biological differences between males and females and how these sex
differences contribute to differential responses to treatments for disease. All too often sex
differences are either ignored or understudied in clinical and basic biomedical research. As a
result, significant gaps exist in our understanding of how the profound biological differences
between males and females affect the efficacy of treatments for viral infections.

Innate and adaptive immune responses differ between the sexes

Males and females differ in their innate immune responses to viruses (Figure 1). Innate
detection of viral and bacterial nucleic acids by pattern recognition receptors (PRRs) differs
between the sexes [3,4]. There are differences between the sexes in the induction of genes
associated with toll-like receptor (TLR) pathways and antiviral type | interferon (IFN)
responses [1,5,6]; cells from females can show a 10-fold greater level of expression than
cells from males [6]. Studies of both humans and rodents illustrate that the number and
activity of innate immune cells, including monocytes, macrophages, and dendritic cells
(DCs) as well as inflammatory immune responses in general are higher in females than
males [7-9].

In rodents and humans, females exhibit greater humoral and cell-mediated immune
responses to antigenic stimulation, vaccination, and infection than do males (Figure 1)[6].
Both basal levels of immunoglobulin [10] as well as antibody responses to viruses and
vaccines are consistently higher in females than males [6,11,12]. Clinical studies reveal that
males have lower CD3* and CD4" cell counts, CD4*: CD8* cell ratios, and inflammatory
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helper T cell type 1 (Th1) responses than females[13-16]. Studies in mice further reveal that
cytokine responses of CD4* T cells often differ between males and females with females
reportedly exhibiting higher inflammatory Th1 (i.e., IFN-v), anti-inflammatory Th2 (i.e.,
IL-4), and regulatory T cell (i.e., IL-10) responses than males, depending on stage of
infection or type of antigen encountered [17-20]. Female mice also have higher proportions
of regulatory T cells than males, at least in response to certain viruses [21]. Females exhibit
higher cytotoxic T cell activity along with upregulated expression of antiviral and
proinflammatory genes, many of which have estrogen response elements in their
promoters[22].

The prevailing hypothesis for immunological differences between the sexes is that sex
steroids, particularly testosterone (T), estradiol (E2), and progesterone (P4), influence the
functioning of immune cells (Figure 2). Sex steroids alter the functioning of immune cells
by binding to specific receptors, expressed in many immune cells, including lymphocytes,
macrophages, and DCs[23]. The binding of sex steroids to their respective steroid receptors
directly influences cell signaling pathways, including NF-xB, cJun, and interferon
regulatory factor (IRF) 1, resulting in differential production of cytokines and
chemokines[23].

Although direct effects of gonadal steroids cause many sex differences in immune function,
some sex differences might be caused by the inherent imbalance in the expression of genes
encoded on the X and Y chromosomes [24]. Several immune-related genes are encoded on
the X chromosome and there is some evidence of greater activation of X-linked genes in
immune cells from females than males [25]. The expression of X-linked genes might be
affected by X-linked microRNAs (miRNAs), which are small noncoding RNAs that regulate
gene expression at a post-transcriptional level and play a role in maintaining immunological
homeostasis[26]. There are disproportionately more miRNAs located on the X chromosome
than on any autosomal chromosome [26]. Sex chromosomal complement (i.e., XX or XY)
can also differentially affect susceptibility to some autoimmune diseases and viral infections
[27,28]. Lastly, polymorphisms in sex chromosomal and autosomal genes that encode for
immunological proteins can contribute to sex differences in immune responses [29],
antibody responses to vaccination [30], and susceptibility to infection with viruses, including
human immunodeficiency virus (HIV)[31].

The responses to and outcome of viral infection, antiviral treatment, and

vaccination differ between the sexes

1. HIV load is higher in males and adverse reactions to antiretroviral therapy is greater in

females

HIV pathogenesis—Human immunodeficiency virus replication exhibits a sexually
dimorphic pattern. HIV RNA levels are consistently lower in women than men [32]. A
meta-analysis of published studies revealed that women have approximately 41% less HIV
RNA in circulation than do men [32]. In addition to having lower HIV loads, women have
higher antiviral responses to HIV than men. Plasmacytoid DCs (pDCs)are significant
initiators of antiviral immunity and these cells produce more IFN-a in response to HIV-1
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encoded TLR7 ligands when derived from women compared with men [1]. The higher pDC
responses appear to result in higher levels of CD8+ T cell activation in women than men[1].
HIV-infected women also have higher baseline CD4+ T cell counts than males [33].
Progesterone can modulate the function of pDCs and women with higher plasma P4
concentrations have greater numbers of IFN-a producing pDCs in response to the HIV
TLR7 ligand than women with lower P4 concentrations [1]. Use of P4-based hormone
contraceptives also is associated with increased acquisition of HIV-1, loss of CD4* T cells,
disease progression, and death rates among women [34].

In men, HIV infection causes hypogonadism (i.e., reduced androgen concentrations), which
is associated with wasting syndrome, loss of bone mass, and depression [35]. Treatment of
patients with anabolic steroids improves muscle mass, bone density, and quality of life in
both men and women [35]; the immunological consequence of androgen treatment,
however, has not been reported. In parallel with reduced androgen concentrations, estrone
and E2 concentrations increase with the progression of HIV in men[36]. Consequently, E2
augments transcription of HIV in vitro, and this effect can be reversed by exposure to an
estrogen receptor (ER) antagonist [37].

Antivirals—Women are less likely to receive ART and there is some indication that
initiation of antiretroviral therapies (ART) is lower in women than men, but this observation
may involve racial and geographic variables as well [33,38]. There is growing knowledge
that women experience more adverse reactions to antiretroviral drugs, including
nonnucleoside reverse transcriptase inhibitors and protease inhibitors, than men [39](Table
2). In particular, treatment with antiretroviral drugs results in more frequent rashes, lactic
acidosis, gastrointestinal intolerance, metabolic disorders, and abnormal fat distribution in
women[39,40]. As a result of more frequent adverse reactions to antiretroviral drugs, women
are more likely than men to reduce drug dosage or discontinue use [41]. To illustrate the
magnitude of this problem, in one trial of nevirapine, a nonnucleoside reverse transcriptase
inhibitor, women were 7 times more likely to develop a rash and 3-5 times more likely to
discontinue drug therapy than men [42]. With antiretroviral therapies containing protease
inhibitors, gastrointestinal intolerance is 2-3 times higher among women than men [40]. The
mechanisms that result in greater adverse reactions to antiretroviral drugs in women
compared with men are not known. However, they might include body mass, fat
distribution, drug metabolism, drug bioavailability, and gastric motility [39].
Pharmacokinetic studies suggest that antiretroviral drugs, including zidovudine and
lamivudine triphosphate, reach higher intracellular concentrations in women than men,
which might explain the higher rate of antiretroviral drug toxicity in women [43]. Disease
progression, however, is reportedly 4 times lower for women than men on antiretroviral
therapy [41]. Virologic suppression also is more rapid in women than men on antiretroviral
drug therapy [44]. Future studies must determine how to reduce the adverse reactions and
still maintain low disease progression and viral loads in HIV-infected women on ART.
There also is interest, but no available data, in the role that sex hormones play in modulating
the pharmacokinetics of antiretroviral drugs in women and men [39].

There have been several trials of candidate HIV vaccines, all of which enrolled both women
and men, but none of which have adequately analyzed sex differences in the
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immunogenicity, adverse events, or prevention of HIV-1 by vaccination [45,46]. The STEP
Study, for example, which evaluated the efficacy of a cell-mediated immunity vaccine,
reported that antibody responses to the vaccine were similar between the sexes, but did not
show these data [46]. The same study also did not report whether adverse events or infection
following vaccination differed between the sexes. Based on data from trials of herpes
simplex virus (HSV) vaccines[47], not partitioning and analyzing data by sex can be a major
flaw in study design.

2. Susceptibility to HSV, responses to vaccines, and the efficacy of antiviral treatments
differ between the sexes

HSV pathogenesis—Herpes simplex virus-type 2 (HSV-2)infects the reproductive tract
and is influenced by E2 and P4. The prevalence of HSV-2 typically is higher in women than
men [48]. In HSV-2 seropositive women, oral contraceptive use is associated with increased
genital tract shedding of HSV-2 [49]. Ex vivo E2 treatment of primary genital epithelial
cells co-cultured with stromal cells increases HSV-2 shedding, whereas pretreatment of cells
with P4 decreases HSV-2 shedding [50]. In female mice, susceptibility to HSV-2 varies with
stage of the estrous cycle [51]. High concentrations of P4 are associated with reduced
survival, increased viral titers in the vagina, inflammation, infiltration of neutrophils, and the
expression of chemokines and chemokine receptors in vaginal tissue from mice [52].
Conversely, administration of E2 increases survival and reduces signs of inflammation and
vaginal pathology during primary HSV-2 infection, at least in mice[52].

Mortality rates following exposure to HSV-type 1 (HSV-1) also differ between the sexes.
Male mice exhibit more severe pathology following corneal infection and are more likely to
die from infection than are females[53]. Treatment of female mice with dihydrotestosterone
prior to corneal infection significantly worsens periocular eye disease, but not corneal
disease[53]. Intraperitoneal infection of mice with HSV-1 results in higher virus loads in the
central nervous system and greater dissemination of virus to peripheral tissues, including the
gonads, in females compared with males [54]. Intraperitoneal infection with HSV-1 also
results in greater mortality in females than males; an outcome that associated with signaling
through DAP12, a molecule that negatively regulates TLR signaling and antiviral responses
to HSV-1 [55].

Vaccines and antivirals—Responses to vaccines against HSV-2 differ between the
sexes. The HSV-2 vaccine provides protection against the development of symptoms
associated with genital herpes in women, but not in men [56]. For example, in phase 1 and 2
studies of a recombinant glycoprotein D (gD)-based HSV-2 vaccine, there was no
significant protection from acquisition of HSV-2 infection in HSV-1 and HSV-2
seronegative subjects when data were combined for males and females (overall efficacy
38%). When data were partitioned by sex, a significant sex-bias in protection was observed,
in which the efficacy was 73% in females and only 11% in males [47].

In ovariectomized female mice, immunization with an attenuated strain of HSV-2 only
protects against challenge with wild-type HSV-2 when females are treated with P4, but not
E2. Progesterone, administered either alone or in combination with E2, reduces HSV-2
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replication in the reproductive tract by increasing the number of DCs and T cells in the
vaginal lamina propria and increasing titers of gB-specific vaginal IgA [57]. Cessation of E2
treatment for 5 days, but not 1-3 days, prior to challenge with HSV-2 can increase
protection in ovariectomized mice suggesting that the effects of E2 can be reversed and are
dependent on E2 clearance[58]. Immunization of female mice with regular estrous cycles
with a recombinant adenovirus vector expressing HSV gB results in higher titers of gB-
specific vaginal IgA during estrus than during either diestrus or proestrus and exogenous
administration of P4 to female mice at the time of immunization protects females from lethal
intravaginal HSV-2 challenge [51]. These data indicate that sex steroids affect induction of
protective immunity following vaccination against HSVs.

Despite significant differences between males and females in the prevalence, shedding, and
healing of lesions caused by HSV [48,59], there is a paucity of data pertaining to sex
differences in the efficacy of antiviral drugs (Table 2). Acyclovir (Zovirax) is a synthetic
nucleoside analogue administered orally or topically to reduce pain and increase healing of
herpes sores and blisters. The available data suggest that topical treatment of HSV-2 sores
with acyclovir reduces virus shedding in male, but not female, patients [59]. In some regions
of the world, oral acyclovir is prescribed more frequently for female than male HSV patients
[60]. Considerably more research is required to determine whether the efficacy of acyclovir
treatment consistently differs between the sexes. From the available data, vaccines may be
more efficacious in females, whereas antiviral drugs may be more effective in males at
reducing symptoms of HSV disease.

3. The outcome of hepatitis B and C virus (HBV and HCV) infections, responses to
vaccines, and the efficacy of antiviral treatments differ between the sexes

HBV/HCV pathogenesis—Hepatitis B and C viruses cause chronic infections and are a
major risk factor for the development of liver cancer and hepatocellular carcinoma. The
prevalence of serum HBV surface antigen (HBsAQ) is consistently higher in men than in
women [61]. Male sex also is an independent factor associated with elevated HBY DNA
titers [62]. Development of hepatocellular carcinoma occurs at a 2:1 to 4:1 ratio of males to
females [63]. Increased rates of exposure to HBV in males do not completely explain why
men are more likely to develop liver cancer than women. Among HBsAg positive
individuals, males are more than twice as likely to experience mortality from liver cancer as
are females[64]. Men might be more sensitive to the effect of HBV infection on the
development of liver cancer [64].

Hormones mediate sex differences in susceptibility to liver cancer following infection with
HBV. Among HBsAg positive men, elevated concentrations of T and the expression of
certain androgen receptor (AR) gene alleles (SRD5A2 and V89L) correlate with increased
risk of hepatocellular carcinoma [65]. The development of chemically-induced
hepatocellular carcinoma is delayed in AR male knockout mice as compared with wild-type
male mice [66]. In HBV transgenic mice, castration of males reduces serum HBsSAg
concentrations; replacement of Tin castrated males increases serum HBsAg concentrations
[67]. The effect of androgens on HBV is mediated by the AR because male Tfm mice (i.e.,
mice with a mutation in the AR) do not show elevated concentrations of HBsAg as do wild-
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type males following HBV infection [68]. One mechanism by which androgens affect HBV
replication is through direct binding to androgen response elements that have been identified
in the enhancer | of HBV [64]. In addition to direct modulation of virus transcription,
hormones can alter host immune responses to infection. For example, chemically-induced
hepatocellular carcinoma is more severe in male than female mice—an effect that is ascribed
to the greater IL-6 production by Kupffer cells in the livers of male mice[69]. These studies
further reveal that E2 reduces the synthesis of IL-6 by Kupffer cells through inhibition of
Myd 88-dependent induction of NF-xB [69]. Thus, sex steroids modulate sex differences in
the prevalence of HBV and development of liver cancer through effects on the transcription
of virus and host immune responses to HBV.

For HCV, injection drug use is the single most important risk factor for acquiring HCV.
Male sex is an independent risk factor for HCV prevalence as measured by either antibody
or detection of HCV RNA [70]. The odds ratio of being HCV positive is 3.47 (95%
confidence interval 2.48-4.87) for males compared with females [71]. Females are more
likely to spontaneously clear HCV than males [72]. When risk factors, such as injection drug
use, are considered, then females are at an increased risk of exposure to HCV because they
appear to be more like to share needles and other drug equipment than males[73]. In people
chronically infected with HCV, the risk of developing cirrhosis is higher for males than
females [74]. The time to onset of cirrhosis also is shorter for males than females by 8-11
years [74]. Sex differences in chronic HCV disease appear to be mitigated after menopause;
postmenopausal women show accelerated rates of cirrhosis and fibrotic progression, which
can be reversed by hormone replacement therapy [75]. Genetic variation can impact the
outcome of HCV infection. Male HCV patients are more likely to carry detrimental 1L-6
promoter polymorphisms associated with development of chronic HCV infection [76].
CTLAA4 is an inhibitory T cell receptor. Certain polymorphisms in Ctla4 are associated with
resolution of HCV infection and are more common in women than men[77].

Vaccines and antivirals—Following vaccination against HBV, among both children and
adults, anti-HBV antibody titers are higher in females than males [78-80]. In multivariate
analyses, being male is a significant predictor of being ‘non-responsive’ to the HBV
vaccine; thus, adult females show higher rates of seroconversion following exposure to the
HBYV vaccine than do males [81]. Greater efficacy of the HBV vaccine in females also may
contribute to reduced prevalence of HBV and development of liver cancer among females
compared with males.

HCYV infections are treated with antiviral drugs. Sex differences in the efficacy and
responses to antiviral treatment, including the standard combined treatment with pegylated
interferon alpha and ribavirin, are only consistently observed between men and
premenopausal women (Table 2). Among patients of reproductive ages, females experience
more adverse reactions (e.g., anemia, weight loss, nausea, vision impairment, reduced
thyroid function, and infections) to the combined antiviral drug treatment, are more likely to
modify the doses of the antiviral drugs, and are more likely to interrupt or suspend treatment
than males [82,83]. In HCV patients of reproductive ages who maintain at least 80% of the
planned antiviral drug doses, the sustained virologic response is greater for females than
males [84]. Sex differences in the sustained virologic response to antiviral therapy are not
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apparent in analyses that include women who have entered menopause [85]. Among HCV-
infected women who have entered menopause, baseline liver inflammation, fibrosis, and
proinflammatory cytokine concentrations are significantly elevated as compared with
premenopausal women and might explain why antiviral therapy is less effective following
menopause [85].

4. The outcome of Influenza A virus infection, responses to vaccines, and the efficacy of
oral antiviral treatments differ between the sexes

Influenza pathogenesis—Sex differences in the incidence influenza A viruses have been
documented in humans[86]. Although exposure rates are often higher in men, fatality
following exposure to pathogenic influenza A viruses is reportedly higher in women[86].
Hospitalization with severe disease from 2009 H1IN1 was higher in young women[87], with
data from Canada and the US indicating that females had an over 2-fold higher risk of death
than males [88,89]. In addition to pregnancy, which is a critical factor associated with
increased severity of disease, many cases involve comorbid conditions, including chronic
lung disease (e.g., asthma), which is typically more severe in females than males[90].

Although sex differences in the incidence of influenza virus infection may reflect
differences in exposure to these viruses, differential disease severity between the sexes
might involve biological differences in response to infection. The extent to which immune
responses differ between males and females during influenza virus infection requires
assessment as this might contribute to differential severity of disease between the sexes.
Disease associated with highly pathogenic influenza viruses is hypothesized to be mediated
by the profound proinflammatory cytokine and chemokine response (referred to as the
‘cytokine storm’) initiated by the host in response to infection [91]. Humans, macaques, and
mice infected with highly pathogenic strains of influenza virus, including the 1918 HIN1 or
avian H5N1, produce excessively high concentrations of proinflammatory cytokines and
chemokines, which correlate with elevated mortality [91-93]. Studies in mice reveal that
adult females experience greater morbidity and mortality in response to H1N1 infection than
males and this appears to be mediated, not by altered levels of virus replication, but by
greater pulmonary proinflammatory immune responses[2]. Administration of E2 or an ERa
agonist to females reduces virus-induced lung proinflammatory immune responses,
morbidity, and mortality[2]. Elevated immunity in females against influenza A viruses might
represent a delicate balance between immune responses conferring protection through
clearance of virus or causing pathology through increased production of proteins and an
influx of immune cells into the lungs.

Vaccines and antivirals—In addition to influenza virus pathogenesis, males and females
differ in response to influenza virus vaccines(Table 2). Rates of immunization against
influenza are reportedly either similar between the sexes or lower in women [94,95] and
may be influenced by greater negative beliefs about the risks of vaccination [96] and lower
acceptance of vaccines [97,98] among women. Antibody responses to the seasonal trivalent
inactivated vaccines (T1V) are higher in women than men [12,99]. Whether antibody
responses to the live attenuated influenza vaccine differ between the sexes has not been
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reported, to date. Women also report more frequent and severe local and systemic reactions
to the seasonal TIV than men[99].

As is the case in women [12,99], female mice mount higher neutralizing and total antibody
responses against a sublethal primary infection/vaccination with influenza viruses than
males[100]. Following vaccination, female mice are better protected against lethal challenge
with heterosubtypic (i.e., novel) strains of influenza viruses than males[100]. Although
elevated immunity afforded females greater protection than males against lethal challenge
with heterosubtypic viruses, both sexes are equally protected against lethal challenge with
homologous virus (i.e., the strain of virus in the vaccine) [100]. Estradiol, at physiological
concentrations, can stimulate antibody production by B cells [101], including antibody
responses to an inactivated influenza vaccine administered in mice [102].

Following infection, neuraminidase inhibitors can be administered to alleviate symptoms of
disease and virus shedding[103]. Oseltamivir (Tamiflu) is administered orally, absorbed in
the gastrointestinal tract, and converted to the active metabolite, oseltamivir carboxylate, by
an esterase in the liver [103]. Zanamivir (Relenza) is an inhaled powder delivered as the
active compound directly into the respiratory tract [103]. In patients with confirmed
influenza A virus infection and treated with oseltamivir, alleviation of symptoms of disease
is faster and the reduction of nasal virus load is greater among males than females [104]. In
contrast, in influenza A virus-infected patients treated with zanamivir, no sex differences in
either alleviation of symptoms or virus load are observed, suggesting that male-female
differences in drug absorption or metabolism may contribute to the dimorphic outcome of
treatment with oseltamivir, but not zanamivir [104]. Data also suggest that females clear
oseltamivir more rapidly than males, at least in newborns [105]. Male-female differences in
the outcome of oseltamivir treatment do not appear to be due to gender differences in
treatment compliance [104]. Future clinical studies must continue to partition and analyze
antiviral outcome data by sex and establish the biological mechanisms mediating how
oseltamivir is more effective in males than females.

Conclusions and clinical implications

Adverse reactions to both vaccines and antiviral drug treatments are consistently greater for
females than males (Table 2). Male/female differences in the pharmacological effects of
antiviral drugs do not solely involve differences in body mass or fat distribution, but also
involve differences in the pharmacokinetics and pharmacodynamics of these drugs. There is
growing evidence that the absorption, metabolism, and clearance of antiviral drugs differ
between the sexes. The importance of sex differences in pharmacokinetics is highlighted by
the observation that the efficacy of anti-influenza drugs that are processed and metabolized
in the liver result in sex differences in clinical and virological responses, whereas the
efficacy of anti-influenza drugs delivered directly to the lungs is not significantly different
between the sexes [104]. Sex differences in antiviral drug delivery should be further
evaluated in other systems.

The beneficial effects of prophylaxis and therapeutic treatments for viral disease might
differ by sex. For example, antiviral treatments for infection with HSVs or influenza A
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viruses result in better clinical and virological outcomes in males. In contrast, vaccines
against these viruses are more efficacious in females. These observations are based on a
limited number of studies; thus, restraint must be shown before drawing strong conclusions.
There is a significant need for additional basic biomedical research in this area.

Sex steroid hormones influence the outcome of infection and the efficacy of antiviral drug
treatments and possibly vaccines. Future studies should continue to consider the age and
reproductive status of females as well as whether females are using exogenous hormones
(either through contraceptives or replacement therapy) at the time of infection, drug
treatment, or both. The observation that sex differences in the outcome of infection and in
responses to antiviral treatments for hepatitis depend on the hormonal status, and not merely
the age, of women [85]is an important observation that should be pursued for other diseases
[39]. Additionally, whether the hormonal milieu at the time of vaccination influences
immune responses and long-term protection against disease should be examined.

The recommendation of funding agencies, universities, and journals should be that
clinicians, epidemiologists, and basic biomedical scientists design experiments that include
both males and females, develop a priori hypotheses that the sexes will differ in their
responses to and the outcome of infection and treatments, and statistically analyze outcome
data by sex. The end goal should be that clinicians and researchers alike consider the sex of
their patients or animals when designing and administering treatments for viral diseases
because the outcomes will likely differ.
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Figure 1. Sex-based differencesin immune responsesto viruses
Following exposure to a virus, antigen recognition by pattern recognition receptors (PRRs)

and induction of innate immune responses, including the activity of antigen presenting cells
(APCs) (e.g., dendritic cells and macrophages) and production of inflammatory cytokines
(e.g., IFN-B, IFN-y, and TNF-a)) and chemokines (e.g., CCL2) are higher in females than
males. Induction of the adaptive immune response, including the activation of lymphocytes,
production of antibodies by B cells, and activity of CD4+ and CD8+ T cells also are higher
in females than males. Following clearance of virus, the immune systems of both males and
females return to homeostasis. During the return to homeostasis, females can maintain
elevated immune responses resulting in a greater risk of developing immunopathology (i.e.,
tissue damage caused by excessively high or prolonged activation of immune responses)
than males. In contrast, during the return to homeostasis in males, lower antiviral immune
responses can result in an increased risk of virus persistence in males as compared with
females.
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Sex differences in the intensity (), prevalence (P), severity of disease (D), or mortality (M) following viral

infections in humans.

Virus Dependent Measure | Sex-specific difference | Reference
Cytomegalovirus P M<F [14]
Dengue Virus P M>F [106]
Epstein Barr virus D M>F [107]
Hantaviruses (multiple species) P M>F [108]
M M<F
Hepatitis B virus I,P,D M>F [61,64,65,67]
Hepatitis C virus P, 1 M>F [70,71]
Herpes simplex virus type 2 I,P M<F [48,109]
Human immunodeficiency virus | M>F [32,33,37]
D M<F
Human T-cell Leukemia Virus Type 1 | P M<F [110]
Influenza A viruses D, M M<F [86,88,89]
Measles M M<F [111]
West Nile virus | M>F [112]
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Table 2
Sex differences in adverse reactions, immune responses, and efficacy of vaccines and antiviral drugs in
humans.
Virus Antiviral drug/vaccine Sex-specific differences | Comments References
HIV HAART M<F CD4+ T cell count; adverse [40,42,43,113-115]
reactions; fat accumulation;
drug concentration; virus
clearance; hepatitis
HAART M>F Fat loss; survival [114,116]
HSV-2 HSV-2 gD vaccine M<F Humoral immune [47,117,118]
responses; cell-mediated
immune responses; vaccine
efficacy
Acyclovir M<F Frequency of prescription; [59,60]
adverse reaction
Acyclovir M>F Reduction of virus [59]
shedding
HBV HBYV vaccine M<F Humoral immune responses | [78,79,81]
HCV pegylated interferon alpha/ribavirin | M <F Adverse reaction; sustained | [83-85]
virologic response2
Seasonal Influenza viruses | TIV vaccine M<F Humoral immune [99,119]
responses; adverse
reactions
Oseltamivir M<F Drug clearance and [105]
metabolism3
Oseltamivir M>F Alleviation of symptoms; [104]
reduction of viral load
Zanamivir M=F Alleviation of symptoms; [104]

reduction of viral load

Abbreviations: HAART: highly-active antiretroviral therapy; HBV: hepatitis B virus; HCV: hepatitis C virus; HIV: human immunodeficiency
virus; HSV: herpes simplex virus; TIV: trivalent inactivated influenza virus

2
premenopausal females only

3 .
tested in neonates only
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